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a b s t r a c t 
Networks in the prefrontal cortex (PFC) that are important for executive function are also engaged in adaptive 
responding to negative events. These networks are particularly vulnerable to age-related structural atrophy and 
an associated loss of executive function, yet existing evidence suggests preserved emotion processing ability in 
ageing. Using longitudinally acquired data from a battery of cognitive tasks, we defined a metric for the rate 
of decline of executive function. With this metric, we investigated relationships between changes in executive 
function and emotion reappraisal ability and brain structure, in 34 older adults, using functional and structural 
MRI. During task-based fMRI, participants were asked to cognitively reappraise negatively valenced images. 
We hypothesised one of two associations with decreasing executive function over time: 1) a decreased ability to 
reappraise reflected in decreased PFC and increased amygdala activation, or 2) a neural compensation mechanism 
characterised by increased PFC activation but no differential amygdala activation. Structurally, for a decreased 
reappraisal ability, we predicted a decrease in grey matter in PFC and/or a decrease of white matter integrity in 
amygdala-PFC pathways. Neither of the two hypotheses relating to brain function were completely supported, 
with the findings indicating a steeper decline in executive function associated with both increased PFC and 
increased left amygdala activity when reappraising negative stimuli. In addition, white matter integrity of the 
uncinate fasciculus, a primary white matter tract connecting the amygdala and ventromedial areas of PFC, was 
lower in those individuals who demonstrated a greater decrease in executive function. These findings highlight 
the association of diminishing cognitive ability with brain structure and function linked to emotion regulation. 
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. Introduction 
Ageing is characterised by marked neural changes in the brain,
ith direct consequences for mental functioning and wellbeing. These
hanges include a spatially heterogeneous loss of grey matter and a re-
uction in white matter integrity, where age-related atrophy is more
ronounced in areas such as the medial temporal lobe and prefrontal
ortex ( Giorgio et al. 2010 ; Gunning-Dixon et al. 2009 ). Such age-related
eural changes have been associated with impairments in memory and
executive function ” (e.g. selective attention, switching, inhibition of ir-
elevant information; Buckner, 2004 ; Raz and Rodrigue, 2006 ; Van Pet-
en et al., 2004 ). These brain regions susceptible to age-related atrophy
verlap with brain networks supporting successful regulation of emotion
for a review, see Mather, 2012 ). ∗ Corresponding author. 
E-mail address: c.vanreekum@reading.ac.uk (C.M. van Reekum). 
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053-8119/© 2020 Published by Elsevier Inc. This is an open access article under thThe ability to adaptively respond to negative situations is crucial for
aintaining mental and physical health. Impaired regulation of emotion
ue to brain atrophy could render older adults particularly vulnerable
o mood disorders, such as depression and anxiety. Given the overlap
n neural networks involved in executive function and emotion regula-
ion, and patterns of age-related brain atrophy, the notion that executive
unction and emotion regulation are interlinked and should both decline
ith age is compelling (e.g. Urry and Gross, 2010 ). Yet, behavioural
tudies suggest improved emotion regulatory function with advancing
ge, possibly due to a reduced need for cognitive effort to achieve a
egulatory goal in older age ( Scheibe and Carstensen, 2010 ). A number
f factors have been suggested to contribute to this apparent paradox,
ncluding the use of different regulation strategies with advancing age
 Mather, 2012 ). Faced with structural brain changes and a decline inow at the University of Zurich, URPP “Dynamics of Healthy ageing ”. We wish 
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v  xecutive function, how do older adults maintain emotion regulatory
unction? 
.1. The emotion regulation network 
Animal and human research ( Banks et al., 2007 ; Carmichael and
rice, 1995 ; Ongur and Price, 2000 ) has demonstrated bidirectional
natomical connections between the amygdala (a subcortical structure
hat plays a key role in the acquisition and expression of emotion) and
edial and orbital areas of the prefrontal cortex (PFC) (which are im-
ortant for higher order cognition and flexible value assignment respec-
ively). The connection between these regions is considered instrumen-
al in adaptive responding to emotional situations ( Nomura et al., 2004 ,
unning-Dixon et al., 2009 , Banks et al., 2007 , Phillips et al., 2008 ,
chsner and Gross, 2005 ). Using a paradigm of voluntary emotion regu-
ation, human neuroimaging studies have identified a larger distributed
etwork of prefrontal-amygdala brain regions subserving emotion reg-
lation ( Beauregard et al., 2001 ; Eippert et al., 2007 ; Goldin et al.,
008 ; Kalisch et al., 2006 ; Kim and Hamann, 2007 ; Ochsner et al., 2002 ;
chsner et al., 2004 ; Phan et al., 2005 ; Urry et al., 2006 ; van Reekum
t al., 2007 ). These regions include the amygdala and ventromedial PFC
s mentioned, but also involve lateral and dorsomedial PFC (DMPFC)
for a recent meta-analysis see Morawetz et al., 2017 ). Given the role of
ateral PFC in maintaining representations and adjusting implementa-
ions, and DMPFC in self-referential processing and performance mon-
toring, these areas are thought to regulate negative emotion through
ognitive reconstrual, or “reappraisal ” of the emotion-eliciting stimulus
e.g. Braunstein et al., 2017 ). 
Most prior studies have identified increased PFC and decreased
mygdala activation when participants reappraise negative stimuli with
he goal to reduce negative affect, with a key role for the ventrolateral
refrontal cortex (VLPFC) in reappraisal success ( Wager et al., 2008 ).
urthermore, work from our group has demonstrated that the ventrome-
ial PFC (VMPFC) mediates the inverse association between left VLPFC
nd amygdala in non-depressed adults ( Johnstone et al., 2007 ) and be-
ween DMPFC and amygdala in healthy older adults ( Urry et al., 2006 )
hen reappraising negative stimuli. 
.2. Emotion regulation in the ageing brain 
A few recent studies have examined functioning of this emo-
ion regulatory network in healthy younger and older adults.
pitz et al. (2012) report lower left VLPFC and, at trend, DMPFC
egulation-related activation (increase & decrease > control condition)
n older compared to younger adults, but no differential age effect in
mygdala activation. Using a similar voluntary emotion regulation task,
inecoff et al. (2011) have also demonstrated lower activation for older
ompared to younger adults in left VLPFC but, again, no age differ-
nce in subcortical regions such as the amygdala. However, the same
tudy showed that age-independent higher cognitive function, as mea-
ured using a composite score based on tasks designed to assess memory
nd executive function, is associated with a greater decrease in amyg-
ala activation. In summary, these findings demonstrate that emotion
egulation-associated PFC activation changes with age, and cognitive
bility is an important indicator of emotion regulation outcome and is
eflected in amygdala activity. 
.3. Structural and functional changes in the ageing brain 
A common view is that age-related changes in brain function are
aused, at least in part, by structural changes in the brain. This view is
upported by evidence relating structural brain changes to behavioural
utcomes ( Morcom and Johnson, 2015 ; Park and Reuter-Lorenz, 2009 ;
inecoff et al., 2011 ). Yet, only few studies have directly examined rela-
ionships between brain structure, function and cognitive decline. While
ome recent reports suggest a relationship between grey matter atrophynd cognitive decline ( Fleischman et al., 2014 ; Manard et al., 2016 ), the
verall body of evidence has been weak ( Salthouse, 2011 ). Studies incor-
orating measures of grey matter density and cognitive brain function
n older adults reveal conflicting results. One study has found higher ac-
ivation associated with higher grey matter density ( Teipel et al., 2007 ),
hile other studies have shown higher activation associated with lower
rey matter density ( Kalpouzos et al., 2012 ). A further study found a
ositive association between grey matter volume and activation, but no
ge association ( Burgmans et al., 2011 ). Our work on emotional pro-
essing in older age found a compensatory “shift ” in engagement from
ateral to medial PFC regions that was associated with grey matter loss
n lateral PFC and age ( van Reekum et al., 2018 ). 
Other research suggests that variability in white matter, rather than
rey matter, is more likely coupled to cognitive functioning in older
dults, with stronger associations between executive function scores and
hite matter integrity than cortical thickness ( Ziegler et al., 2010 ). A
ecent longitudinal study extended these findings by demonstrating in-
reased activity in lateral frontal cortex during task switching associated
ith a decline in white matter integrity in tracts connecting PFC regions
 Hakun et al., 2015 ). 
In summary, multimodal brain imaging studies that integrate struc-
ural brain changes and the effects of such changes on brain function
re sparse, and hitherto non-existent in the field of emotion regulation.
.4. The overlap between emotion regulation and executive function 
Even at the behavioural level, only recently have researchers begun
o examine executive function performance alongside emotion regula-
ion in ageing (e.g. Gyurak et al., 2011 ; Gyurak et al., 2009 ). These
ndings suggest that aspects of executive function, such as verbal flu-
ncy, predict emotion regulatory ability in older adults. Yet, other re-
earch points at a general association between “fluid ” cognitive abilities,
ncluding working memory and processing speed, and emotion regula-
ion, in the absence of an effect of age group ( Opitz et al., 2014 ). This
s despite older adults showing lower fluid cognitive abilities compared
o younger adults. 
The reliance on comparison between younger and older adult groups,
here between-group difference is assumed to be a proxy measure of
geing and/or cognitive decline, has hampered the majority of past
esearch on emotion regulation and ageing. We argue that cohort ef-
ects or a lifetime’s experience with emotional situations may be con-
ounded with age. Furthermore, such between-group analyses will not
dequately account for variation in, or preservation of, cognitive ability
n the older age group. Therefore, we propose to examine associations
etween cognitive ageing and emotion regulation by focusing on change
n executive function within a middle-to-older age group, taking advan-
age of longitudinal behavioural data to measure the rate of decline of
ognitive ability for each participant. 
.5. Aims and predictions 
The aim of the present study is to test the relationship between ex-
cutive function, brain structure, and emotion regulation-related brain
unction in older adults, by examining associations between a longitu-
inal measure of executive function and functional and structural MRI.
e hypothesized that the rate of change of longitudinal executive func-
ion (rLEF), over and above any age or cross-sectional EF performance
ifferences, would predict activity in regions of the brain instrumen-
ally associated with emotion regulation (VMPFC, VLPFC and amyg-
ala specifically), as well as structural brain integrity in this network.
pecifically, we hypothesized one of two functional associations with
ecreasing longitudinal executive function: either a decreased ability in
motion downregulation reflected in decreased prefrontal cortical (PFC)
ctivation and increased amygdala activation, or a compensatory effect
ith increased VMPFC activation but no differential amygdala effect (cf.
an Reekum et al., 2018 ). Although a number of regions of the PFC have
W.K. Lloyd, J. Morriss, B. Macdonald et al. NeuroImage 225 (2021) 117488 
Table 1 
Descriptive statistics from the final sample and cognitive tasks. 
N Minimum Maximum Mean Std. Deviation 
Age 34 56 83 72.90 6.90 
MMSE_total 34 23 30 27.10 1.82 
CERAD_total 34 2 3 2.37 0.29 
PI_Mod 32 − 60.67 370.34 104.08 117.25 
Stop (ssd) 31 108.50 859.60 493.02 192.48 
Stroop (i/c) 30 0.50 1.20 1.08 0.13 
Trails B/A 34 1.20 3.90 2.20 0.73 
Verbal Fluency - Letter 34 10 26 17.53 4.26 
Verbal Fluency - Category 34 11 31 21.62 5.54 
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1 The full instructions provided during the training with respect to emotion 
regulation were: “On some trials we will ask you to either INCREASE ("enhance") 
or DECREASE ("suppress") the intensity of the emotion you are feeling in re- 
sponse to the picture. On other trials we will simply ask you to MAINTAIN 
("maintain") the intensity of your emotion. When you hear the instruction "sup- 
press", we would like you to decrease the intensity of the emotion you are feeling 
when viewing the picture. You may do so by imagining a less negative outcome 
of the situation in the picture. As you are doing this, please continue to con- 
sider the situation to be real. On the other hand, when you hear the instruction 
"enhance", we would like you to increase the intensity of the emotion you are 
feeling when you are viewing the picture. You may do this by imagining a worse 
outcome of the situation in the picture. Finally, when you hear the instruction 
"maintain", please just maintain the intensity of the emotion you are feeling in 
response to the picture. You can do this by keeping in mind your initial reac- 
tion to the picture. Regardless of the instruction, you should keep focussed on 
the content of the picture. In other words, please do not think of something 
unrelated to the picture, and do not try to generate an opposite emotion. For 
example, we ask you not to think of something comforting, like your home or a 
good friend, or think to yourself "it’s not real" to counteract any negative emo- 
tion you might experience. You may stop following the instruction ("enhance", 
"suppress", "maintain") as soon as the picture disappears from the screen. ”een shown to be associated with emotion reappraisal, to avoid multiple
ests, we chose to focus on regions of interest in the VMPFC and VLPFC,
ased on previous work in our lab (e.g. Johnstone et al., 2007 ) and based
n age-related shift observed in the van Reekum et al., (2018) study. A
hole-brain analysis will complement this ROI analysis for complete-
ess, and to explore the specificity of the effects in other (PFC) areas
nown to be involved in emotion regulation. Structurally, we predicted
 decrease in grey and/or white matter integrity of amygdala-prefrontal
ortical pathways that would mediate the functional response of the
mygdala and PFC. 
. Materials and methods 
.1. Participants 
36 older-aged participants (aged 56–83, M age = 73.2, SD = 6.7, 20
55.6%) female) were included in this study. This group was derived
rom a larger cohort of 70 older adults recruited from the Reading Uni-
ersity Older Adult Research Panel, via local newspaper and poster ad-
ertisements, and 20 younger adults also recruited via advertisements.
e included all older adult participants for whom we had longitudinal
ognitive data; that being at least two measures of executive function
paced at least two years apart. Participants scored between 23 and 30
n the Mini-Mental State Examination (MMSE, see Table 1 for details on
tandard neuropsychological test performance at the time of testing). No
articipants reported a history of neurological disorders or current use
f steroid medication. All participants were right-handed. Participants
ere also screened for contraindication to MR scanning. Two male par-
icipants did not complete MR scanning and are not included in the
nalysis, leaving an N of 34 (see Table 1 ). This study was carried out in
ccordance with the declaration of Helsinki (1991, p. 1194). All proce-
ures were approved by the NHS Research Ethics Service and the Uni-
ersity of Reading’s Research Ethics Committee. Participants provided
ritten informed consent prior to their participation. 
.2. Stimuli and tasks 
.2.1. Stimuli 
96 images were selected from the International Affective Picture
ystem ( Lang et al., 2008 ). Images were selected based on the nor-
ative valence ratings and categorised as either negative (76 images,
alence = 1.46–3.85, M = 2.41, SD = 0.57) or neutral (24 images,
alence = 4.38–5.88, M = 5.10, SD = 0.36). Picture categories were
atched on luminosity, complexity and social content. 
.2.2. Emotion regulation task 
The voluntary emotion regulation task comprised the reinterpreta-
ion of negative events, such as scenes depicted in images or movie
lips, to lessen or intensify an emotional response. Similar forms of
he task have been previously used with studies involving older adults
 Opitz et al., 2012 ; Urry et al., 2009 ). To induce negative affect prior
o regulation, participants viewed each picture for three seconds af-
er which they were presented with an audio instruction to “suppress ”decrease), “enhance ” (increase), or “maintain ” (attend). Upon hearing
suppress ” participants were asked to consider a less negative outcome
f the scenario than they had thought prior to the instruction. For “en-
ance ” they were asked to consider a more negative outcome, and for
maintain ” they were asked to keep their original impression in mind.
articipants were asked to keep following the instruction until the image
isappeared after a further six seconds. Participants received training
nd practice on the task immediately prior to scanning. 1 Example regu-
ation strategies were suggested, e.g. for a picture of an injured animal
o “enhance ” their response they might consider the animal will die, or
o “suppress ” they might consider the animal will recover. Participants
hen practiced the task on five scenarios and were asked what strategy
hey used to follow the instruction. Training and practice was repeated
f participants did not report the use of emotion regulatory strategies as
ntended. 
Following the picture, a ratings screen was presented for two sec-
nds, during which participants were asked to rate the prior image as
eutral, somewhat negative, quite negative, or very negative. The 96
rials involved a pseudo-randomised presentation of picture-instruction
ombinations. All neutral pictures were accompanied by the “maintain ”
nstruction. 
The protocol was divided into four blocks, between which the partic-
pant was allowed to rest before commencing the next block. Inter trial
nterval was jittered, and each block lasted for a duration of approxi-
ately seven minutes. 
.2.3. Stimulus presentation 
Stimuli were coded and presented using E-Prime (version 2.0.10.242,
sychology Software Tools, Inc., Pittsburgh, PA, USA) and delivered via
isualSystem binoculars (VisualSystem, NordicNeuroLab, Bergen, Nor-
ay). The VisualSystem binoculars were also used to monitor the partic-
pant’s eye movements (eye movement data were not further analysed)
W.K. Lloyd, J. Morriss, B. Macdonald et al. NeuroImage 225 (2021) 117488 
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t  nd state of alertness throughout the experiment. Response to the rat-
ngs screen was recorded using a four-button MR-compatible button box
eld in the participant’s right hand. 
.2.4. Cognitive tasks 
As part of the Older Adult Research Panel, participants are invited
o perform a battery of cognitive tests upon intake, and again every
wo years thereafter. Where participants had not been (re)tested within
wo years prior to the scan date, they were asked to resit the test bat-
ery as part of their participation of this study. For four participants,
he resit data for the executive function tests was not successfully col-
ected (see supplementary material for further details). Tests included,
mongst others, verbal fluency ( Miller, 1984 ) and trail making tests
 Reitan and Wolfson, 1985 ). The verbal fluency test included a letter
nd a semantic/category component. Participants were asked to name
ut loud as many words as possible in one minute starting with the let-
er F and then name as many animals as possible in one minute. The
ession was recorded and the experimenter counted the number of cor-
ect words, ignoring duplicates. For the trail making test, participants
ere tasked with drawing a line as quickly as possible to connect the
lements in a sequence, initially with one category (numbers) and then
ith two alternating categories (numbers and letters). The time for both
asks was recorded and scores were obtained by dividing time (number
nd letters) / time (numbers). 
Other tests that were part of the Older Adult Research Panel test
attery were collected but were not included in the composite score due
o a lack of compatible historical data (e.g. switching from paper-and-
encil based tasks to computerised tasks, such as for the Stroop task),
nd are not reported here. 
.3. Data reduction and analysis 
.3.1. Executive function data reduction 
Longitudinal data from verbal fluency: category 2 and trail-making
asks were used to calculate a longitudinal measure of the rate of change
f executive function (rLEF) for each older adult, whereby the most neg-
tive rLEF score indicates the steepest decline in performance. For each
articipant, each set of data points included information of time since
nitial test in years (with the first test being at time point zero). A linear
egression was used to calculate slope (i.e. the rate of change). Of the 34
articipants, 11 had two timepoints, 14 had three, and 9 had four. The
ean slope of verbal fluency was 0.16 (std dev = 1.01) and trail making
as − 0.03 (std dev. = 0.144) (see supplementary material for further de-
ails). To assess specificity for longitudinal, rather than cross-sectional
F performance, we equally computed a composite score across the raw
cores of these two tasks acquired in the last session prior to scanning. 
.3.2. MRI data acquisition 
MRI data was collected using a 3T Siemens Magnetom scanner and
2-channel head coil (Siemens Healthcare, Erlangen, Germany) at the
niversity of Reading Functional Imaging Facility. A 3D-structral MRI
as acquired for each participant using a T1-weighted sequence (Mag-
etization Prepared Rapid Acquisition Gradient Echo (MPRAGE), repe-
ition time (TR) = 2020 ms, echo time (TE) = 3.02 ms, inversion time
TI) = 900 ms, flip angle = 9°, field of view (FOV) = 250 × 250 × 192 mm,
esolution = 1 mm isotropic, acceleration factor = 2, averages = 2, ac-
uisition time = 9 min 7 s). Emotion regulation task-related fMRI data
as collected in four identical blocks, using an echo planar imaging2 Instead of aggregating scores across the verbal fluency-letter and -category 
ask, we opted to include the category part of the verbal fluency task only, be- 
ause the letter and category raw scores of the last administration of tests were 
ot correlated ( r < .1) , nor were the longitudinal slopes ( r (32) = − .21, p = .23) 
n our sample. Dissociations between letter and category fluency with respect 
o involvement of cortical/frontal areas have also been reported elsewhere (for 
ecent findings with a large N see Vonk et al., 2018 ). 
d  
w  
t
fl
E
i
EPI) sequence (211 whole-brain volumes, 30 sagittal slices, slice thick-
ess = 3.0 mm, slice gap = 33%, TR = 2000 ms, TE = 30 ms, flip
ngle = 90°, FOV = 192 × 192 mm 2 , resolution = 3 mm isotropic,
cquisition time = 7 min 10 s per block). Diffusion-weighted images
DWI) were collected with an EPI sequence (50 sagittal slices, slice thick-
ess = 2.0 mm, TR = 6800 ms, TE = 93 ms, resolution = 2 mm isotropic,
verages = 2, acquisition time = 7 min 24 s). Diffusion weighting was
istributed along 30 directions with a b value of 1000s/mm 2 . For each
iffusion set, one volume with a b value of 0 s/mm 2 was also acquired.
urther structural and functional MRI data were acquired as part of this
rotocol but are not reported here. 
.3.3. FMRI preprocessing and registration 
Preprocessing and statistical analysis of MR data was carried
ut in FSL 5.0.7 (FMRIB’s Software Library, www.fmrib.ox.ac.uk ;
enkinson et al., 2012 ; Smith et al., 2004 ). Subject FMRI data were
eld-map corrected to adjust for distortions due to magnetic field in-
omogeneity, spatially realigned to correct for head motion, slice-time
orrected, normalized to MNI space via coregistration to the subject T1-
eighted image, and smoothed using a Gaussian 6 mm FWHM kernel. 
.3.4. FMRI analyses 
Data were modelled at block level with three explanatory variables
EVs) used to describe the instruction conditions ( “suppress ”, “enhance ”,
maintain ”) with negative pictures, and one EV for the “maintain ” in-
truction with neutral pictures. A further EV, used to model the valence
udgement, and six motion correction EVs were included as covariates
f no interest. At the intermediate level, mean effect for each condition
as determined in a fixed effects model across the four blocks. At the
nal level, GLM analysis consisted of regressors for rLEF, cross-sectional
F, and age 3 using FSL’s Randomise with threshold free cluster enhance-
ent estimated from 5000 permutation samples per independent test.
ll significant statistical analyses are reported for p < .05, familywise
rror (FWE) corrected. 
Pre-defined anatomical masks were created for bilateral amygdala
nd VLPFC (Harvard-Oxford atlas, Desikan et al., 2006 ), as well as
MPFC (McGill, Mazziotta et al., 1995 ) using a 50% probability thresh-
ld. These masks were used for small volume correction of the voxel-
ise search in those regions. Contrasts of negative/suppress vs nega-
ive/maintain (suppress vs maintain), and negative/enhance vs nega-
ive/maintain (enhance vs maintain) were assessed with age and rLEF
s regressors. Results are reported with peak MNI coordinates, number
f voxels, and max Z. 
.3.5. Grey matter probability (GMP) 
Similar to the methods reported in van Reekum et al. (2018) , we
sed FSL’s FAST algorithm ( Zhang et al., 2001 ) to segment the high res-
lution T1-weighted image into grey matter, white matter, and CSF. We
hen normalised and blurred the GMP maps to the same extent as the
unctional data of interest. Cluster-wise GMP was extracted using the
tatistical ROIs from the FMRI regression analysis and associations be-
ween GMP and functional data (residualised for age and cross-sectional
F performance, per the performed voxel-wise search with rLEF), were
ssessed using Pearson correlations, with an alpha level of p < .05. 
.3.6. DWI preprocessing, registration, and analyses 
Diffusion weighted data were corrected for subject head motion and
he effects of eddy currents. Fractional anisotropy (FA) maps were pro-
uced by fitting calculated tensor values to the data. Analysis of FA data
as performed using FSL’s tract-based spatial statistics (TBSS) method.3 To assess the correlation between age, EF, and rLEF and to ensure 
hat collinearity was not influencing the model, we calculated variance in- 
ation factors (VIFs) for each. All VIFs were sufficiently low (age = 1.08, 
F = 1.32,rLEF = 1.29) to allow the assumption that multicollinearity can be safely 
gnored. 
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Table 2 
A-priori PFC and amygdala regional activation patterns in response to stimuli pre- 
sented in the emotion regulation task. 
Contrast Brain region Voxels Max Z Location of max Z 
x y z 
Suppress > Passive L VLPFC 1058 6.18 − 42 14 24 
Suppress > Passive R VLPFC 76 4.28 56 32 − 2 
Suppress > Passive R VLPFC 15 2.36 46 20 10 
Suppress > Passive R VLPFC 8 4.06 58 28 16 
Suppress > Passive x rLEF L VLPFC 114 4.11 − 50 8 18 
Suppress > Passive x rLEF R VLPFC 2 3.59 52 28 8 
Suppress > Passive x rLEF R VLPFC 1 3.6 56 30 10 
Suppress > Passive x rLEF VMPFC 17 3.9 − 4 48 8 
Suppress > Passive x rLEF VMPFC 16 4.32 8 36 2 
Suppress > Passive x rLEF L Amygdala 54 4.51 − 22 − 8 − 14 
Suppress > Passive x rLEF R Amygdala 43 4.71 24 − 2 − 16 
Enhance > Passive L VLPFC 1303 5.97 − 48 20 26 
Enhance > Passive R VLPFC 1013 5.95 48 32 − 2 
Enhance > Passive VMPFC 218 3.81 − 8 48 − 6 
Enhance > Passive R Amygdala 30 3.58 30 2 − 20 
Enhance > Passive L Amygdala 2 3.65 − 24 − 2 − 20 
Note: Corrected cluster for multiple comparisons at p < .05. Location of cluster’s max- 
imum Z are in MNI space. R = right; L = left. rLEF = the rate of change of longitudinal 
executive function. 
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m  his involves the removal of the most distal voxels to remove likely out-
iers, nonlinear registration of subject data to a study-specific template
nd affine alignment to the MNI152 T1-weighted template. All subject
ata were used to determine the mean white matter FA skeleton, which
as thresholded at a factor of 0.2. A mask of this skeleton was created to
efine the extent of the voxelwise analysis of FA data. Anatomical masks
f the left and right uncinate fasciculus, forceps minor and corticospinal
ract were used for region of interest analysis. These masks were taken
rom the JHU-ICBM-DTI probabilistic atlas ( Mori et al., 2005 ) thresh-
lded at 0.25. The forceps minor and corticospinal tract served as control
egions, similar to previous structure-function research ( Swartz et al.,
014 ). We used rLEF as a predictor variable of white matter integrity as
easured by tract-based fractional anisotropy. Age and cross-sectional
F were included in the model as covariates. Statistical analyses of FA
ata were performed using FSL’s Randomise with threshold-free cluster
nhancement estimated from 5000 permutation samples per indepen-
ent test. All significant statistical analyses are reported for p < .05,
amilywise error (FWE) corrected. 
. Results 
.1. Effects of longitudinal change in executive function on brain activation
n an emotion regulation task 
Associations between rLEF and contrasts of activation were assessed.
e focused our analyses on a-priori regions of interest in PFC (VLPFC
nd VMPFC) and amygdala, based on their association with emotion reg-
lation. For completeness, whole-brain results outside of these a-priori
OIs are also reported (see Tables 2 and 3 ). 
To test for either a decreased ability in emotion regulation (re-
ected in decreased PFC and increased amygdala activation during
eappraisal), or a compensatory effect (increased PFC activation but no
hange in amygdala), we first regressed rLEF against the activation con-
rast of suppress vs maintain. rLEF correlated negatively with the sup-
ress vs. maintain activation contrast in both PFC regions of interest;
MPFC, and left VLPFC, as well as bilateral amygdala (see Figs. 1 , 2
nd Table 2 ). In other words, greater activation in these regions to sup-
ress vs maintain was associated with a higher rate of EF decline. In
he whole brain analysis, negative correlations between rLEF and the
uppress vs maintain activation contrast were also observed in the bi-
ateral insula, bilateral post-/pre-central gyrus, bilateral intracalerine
ortex/precuneus, posterior cingulate gyrus and paracingulate/anterioringulate gyrus, among others (see Table 2 ). There were no significant
orrelations of rLEF with the enhance vs maintain contrast in a-priori
egions, nor in the whole brain analysis. 
To ensure that these patterns were unique to rLEF, we calculated
ariance inflation factors (VIFs) for rLEF, cross-sectional EF (i.e. mea-
ured around the time of scanning) and age. All VIFs were sufficiently
ow (age = 1.08, EF = 1.32, rLEF = 1.29) to allow the assumption that mul-
icollinearity can be safely ignored. Relatedly, there were neither ROI
or whole brain associations with age or cross-sectional cognitive per-
ormance for the suppress vs maintain contrast or for the enhance vs
aintain contrast. To address the possibility of cognitive impairment as
 confound, analyses were rerun excluding the seven participants who
cored lower than 26 on the MMSE test (three at 25, one at 24, and
hree at 23). Results demonstrated good coherence with those from the
ull cohort (see Supplementary Material, Table 1 ). 
.1.1. Main effects 
For main effects only, we found typical patterns of activation for the
motion regulation task in the a-priori regions of interest for suppress
s maintain (increased activation in bilateral VLPFC) and enhance vs
aintain contrasts (increased activation in bilateral amygdala, bilateral
LPFC and VMPFC), and in the whole brain analysis (see Tables 2 and
 ). We did not find a main effect in amygdala for maintain vs suppress.
.2. Grey and white matter integrity and associations with bold responses 
Results from the task-based FMRI experiment demonstrated emotion
egulation-based changes in activation associated with rLEF in, among
thers, left VLPFC, VMPFC and left amygdala. We assessed associations
etween the BOLD response in the PFC clusters and the GMP within
nd across these areas, to test the prediction that rLEF-related differ-
nces in BOLD response patterning would be associated with individual
ifferences in PFC structural integrity (see van Reekum et al., 2018 for
ndings suggesting some functional compensation for age-related grey
atter loss). While there was a trend towards a negative correlation
etween the GMP in VMPFC and the BOLD response in left VLPFC for
he suppress relative to the maintain condition, this correlation was not
ignificant, r (32) = − 0.29, p = .10. None of the other correlations were
ignificant (max r (32) = 0.20, all others r < 0.1). GMP in these prefrontal
egions was also not correlated with rLEF, max r = 0.16, p = .36. 
We next assessed the integrity of the uncinate fasciculus, the pri-
ary white matter tract that connects the VMPFC and amygdala. We
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Table 3 
Whole-brain activation patterns in response to stimuli presented in the emotion regulation task. 
Contrast Brain region Voxels Max Z Location of max Z 
x y z 
Suppress > Passive Bilateral Superior Temporal Gyrus, extending into Bilateral 
Hippocampus, Bilateral Caudate, Bilateral Insula, Bilateral VLPFC , 
Bilateral DLPFC, Bilateral DMPFC, Bilateral Middle Frontal Gyrus, 
Superior Frontal Gyrus, Paracingulate, Cingulate Left Angular Gyrus 
22,174 7.23 54 − 20 − 6 
Suppress > Passive R Angular Gyrus, R Middle Temporal Gyrus 895 5.54 46 − 58 50 
Suppress > Passive R Precentral Gyrus 37 3.77 20 − 24 66 
Suppress > Passive L Pallidum 25 4.17 − 14 − 14 − 10 
Suppress > Passive L Thalamus 14 3.13 − 10 − 16 − 4 
Suppress > Passive R Postcentral Gyrus 9 2.85 18 − 34 74 
Suppress > Passive R Precentral Gyrus 3 3.05 10 − 26 64 
Suppress > Passive L Postcentral Grus 2 2.9 − 4 − 38 76 
Suppress > Passive x rLEF Bilateral Frontal Operculum Cortex, extending into Bilateral Central 
Opercular Cortex, Bilateral Amygdala , Bilateral Insula, Bilateral 
Pre/Post Central Gyrus, Bilateral VLPFC , Bilateral DLPFC, Bilateral 
DMPFC Cingulate, Paracingulate, VMPFC 
18,425 5.66 36 22 4 
Suppress > Passive x rLEF Precuneus Cortex, Intracalcarine Cortex, Lingual Gyrus 181 4.73 8 − 60 6 
Suppress > Passive x rLEF R Postcentral Gyrus 38 2.84 42 − 32 48 
Suppress > Passive x rLEF L Heschl’s Gyrus 36 3.46 − 50 − 28 6 
Suppress > Passive x rLEF R Amygdala 36 3.01 30 6 − 26 
Suppress > Passive x rLEF R Parahippocampal Gyrus 14 3.18 16 − 30 − 16 
Suppress > Passive x rLEF L Middle Frontal Gyrus 12 3.81 − 24 2 50 
Suppress > Passive x rLEF R Frontal Pole 8 3.28 34 34 18 
Suppress > Passive x rLEF Cingulate Gyrus 7 2.67 4 − 42 24 
Suppress > Passive x rLEF L Middle Frontal Gyrus 6 3.9 − 32 10 56 
Suppress > Passive x rLEF R Middle Frontal Gyrus 6 3.02 54 16 40 
Suppress > Passive x rLEF L Frontal Pole 6 3.17 − 32 60 2 
Suppress > Passive x rLEF Lingual Gyrus 6 3.75 − 2 − 66 2 
Suppress > Passive x rLEF R Superior Frontal Gyrus 4 2.78 24 − 8 66 
Suppress > Passive x rLEF L Frontal Orbital Cortex 4 2.7 − 56 30 − 10 
Suppress > Passive x rLEF R Middle Frontal Gyrus 3 2.64 40 14 38 
Enhance > Passive Bilateral Angular Gyrus, extending into Bilateral Occipital Cortex, 
Bilateral Amygdala , Bilateral Hippocampus, Bilateral Thalamus, 
Bilateral Caudate, Bilateral Insula, Bilateral Central Opercular, 
Bilateral Pre/Post Central Gyrus, Bilateral VLPFC , Bilateral DLPFC, 
Bilateral DMPFC, Cingulate, Paracingulate, VMPFC 
135,926 7.66 50 − 48 16 
Note: Corrected cluster for multiple comparisons at p < .05. Location of cluster’s maximum Z are in MNI space. R = right; L = left. rLEF = the rate of change of 
longitudinal executive function. Bold font denotes whole-brain activation falling within a-priori regions of interest. 
Fig. 1. Significant correlations for the contrast 
of suppress vs maintain associated with rLEF, at 
ROI (red) corrected level of significance thresh- 
olding. Coordinates in MNI space: L, left; R, 
Right. rLEF = the rate of change of longitudinal 
executive function. 
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Fig. 2. Graph illustrating the inverse linear relationship between rate of change in longitudinal executive function (rLEF) and bilateral amygdala activation (averaged 
across left and right amygdala, residualised for cross-sectional EF and age) for the suppress v maintain contrast. 
Fig. 3. Significant negative correlations for 
rLEF with FA in the left (red) and right (green) 
uncinate fasiculus, controlling for age. Coordi- 
nates in MNI space; L, left. rLEF = the rate of 
change of longitudinal executive function. 
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r  sed rLEF as a predictor variable of white matter integrity as measured
y tract-based fractional anisotropy. Age and cross-sectional EF ability
ere included in the model as covariates. Using the pre-defined left and
ight uncinate fasciculus masks as regions of interest, results showed
 significant positive correlation between FA and rLEF in the left un-
inate fasciculus (number of voxels = 40, p < .01, MNI coordinates:
 30,8, − 8), situated between the insula and putamen. A smaller region
as also seen in right uncinate (number of voxels = 5, p < .07, MNI
oordinates: 2,31,10) (See Fig. 3 ). FA values in the control regions (for-
eps minor and corticospinal tract) did not show any clusters of voxels
ignificantly correlated with rLEF. Thus, greater structural integrity of
he uncinate fasciculus was specifically associated with maintenance of
xecutive function over time. 
The BOLD response in bilateral amygdala for the suppress rela-
ive to attend condition showed a trend towards a negative correla-
ion with FA in the left uncinate fasciculus cluster, r(31) = − 0.33,
 = .062, such that higher uncinate fasciculus integrity in this region
as associated with a stronger reduction in amygdala when asked to
ecrease the emotional response. Furthermore, rLEF significantly me-
iated the association between FA in this cluster in the uncinate fas-
iculus tract and amygdala activation (Indirect effect size = − 0.76,
E = 0.32, 95% CI = [ − 1.33, − 0.11]. However, FA did not mediate the
mygdala-rLEF association (Indirect effect size = 0.00, SE = 0.02, 95%
I = [ − 0.04, 0.02]). Mediation analyses were performed using PROCESS
Hayes (2018) www.guilford.com/p/hayes3 ) implemented in SPSS v20..3. Are the ratings predicted by rate of change in EF? 
During the emotion regulation task, after each image, participants
ere asked to score the negativity of the image on a four-point scale,
ith 1 reflecting “neutral ” and 4 “very negative ”. Reflecting the FMRI
nalytic approach, we assessed whether the negativity ratings for the
ictures presented in the task differed as a function of regulation (en-
ance, attend, suppress) and rLEF. We also took age and cross-sectional
F ability (all continuous predictor variables were demeaned) into con-
ideration in the MANCOVA model. The rate of change did not explain
ariance in the ratings, over and above age and cross-sectional EF per-
ormance, F = 0.67, p = .52, n.s. A main effect of regulation was found
n unpleasantness ratings, F (2, 29) = 12.26, p < 0.001. On average, rated
egativity was higher for the “enhance ” condition ( M = 2.75, SD = 0.40)
ompared to the “maintain ” condition ( M = 2.51, SD = 0.34). Unexpect-
dly, the “suppress ” condition was associated with higher rated nega-
ivity of the images ( M = 2.60, SD = 0.37) compared to the maintain con-
ition. With respect to cross-sectional EF and age, age interacted with
egulation, F (2, 29) = 3.55, p = .042. Follow-up comparisons to further
nvestigate the age x regulation interaction was carried out by estimat-
ng the ratings means at + 1 and − 1 SD of the mean age respectively.
esults suggested that “older ” older adults provided more differential
atings of the images than the “younger ” older adults as a function of
egulation condition, with both the “enhance ” and “suppress ” conditions
esulting in higher negative ratings ( M = 2.73 for enhance and M = 2.55
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or suppress) than the “maintain ” conditions ( M = 2.36, p < .001 and
 = .006 resp.), and the negative ratings being higher in the enhance
s suppress condition ( p = .024). This effect was not significant for the
younger ” group (at − 1 SD, with the multivariate F (2,29) = 1.74, p = .192;
 enhance = 2.78, M maintain = 2.65, M suppress = 2.66). 
. Discussion 
Our findings demonstrate that, when decreasing negative emotion
hrough reappraisal, activation in the fronto-limbic network is greater
n individuals with a larger negative rate of change of executive func-
ion. More specifically, we found that a relative decline in EF predicted
educed downregulation of activity in left amygdala, despite recruit-
ent of various PFC regions that are key in emotion regulation, in-
luding VMPFC and VLPFC (e.g. Morawetz et al., 2017 ). Outside these
-priori regions of interest, a decline in EF was also associated with re-
ruitment of other areas in (pre)frontal cortex including DLPFC, DMPFC,
rontal pole, anterior cingulate and premotor and supplementary motor
ortex, and areas in insula, pre/post central gyrus, posterior cingulate
ortex, and precuneus. These regions have previously been reported to
how activation differences in emotion regulation (see meta-analyses
y Buhle et al. (2014 ) and Morawetz et al. (2017 )). Additionally, the
MPFC had previously been highlighted, alongside VLPFC, as a brain re-
ion showing age-related activation differences when reappraising (in-
reasing and decreasing) negative affect ( Opitz et al., 2012 ). We did not
nd evidence of any prefrontal cortical regions with decreased engage-
ent. 
The association between the rate of change in EF and activation in
hese brain regions was specific to the decrease condition, as no signif-
cant associations were observed in the increase vs maintain contrast.
ocusing on individual differences in integrity of the uncinate fascicu-
us, a white matter tract connecting amygdala with prefrontal cortical
reas including VMPFC, we showed that a higher rate of decline of exec-
tive function was associated with decreased white matter integrity in
eft uncinate fasciculus and, at trend-level, also in right uncinate fascicu-
us. Grey matter probability in VMPFC and VLPFC areas demonstrating
ctivation differences as a function of rLEF was not significantly associ-
ted with BOLD response, nor with rLEF. 
Prior brain imaging work on reappraisal-based emotion regulation
as presented relatively few age-related differences in neural activity.
cross two studies, reduced recruitment of left VLPFC was found for
lder compared to younger adults ( Opitz et al., 2014 ; Winecoff et al.,
011 ) but these studies found no age-related differences in other brain
reas, including the amygdala. Furthermore, increased cognitive per-
ormance, including EF, has been shown to predict greater regulation-
elated decreases in amygdala activation ( Winecoff et al., 2011 ) and
eappraisal success (modelled using a composite of self-report, physio-
ogical and expressive behaviour measurements, Opitz et al., 2014 ) re-
ardless of age. Our findings add to this knowledge base to suggest that,
n older age, reappraisal is compromised not necessarily when age is
igh or EF is low, but when a given person’s EF ability decreases over
ime. 
In line with this suggestion, we found that the white matter integrity
f a cluster in the left uncinate fasciculus, a primary pathway between
MPFC and amygdala, decreased with increasing rate of cognitive loss.
his finding was specific to the uncinate fasciculus; no such correla-
ions were observed in the control tracts. It may be the case that the
oss of structural integrity in this tract means that the successful recruit-
ent of key areas in the prefrontal cortex is not translated into a sup-
ression of amygdala activity, although the direct relationship between
igher uncinate fasciculus integrity and decreased bilateral amygdala
ctivity when participants were reappraising the negative information
howed only a trend-level correlation. There was however, a full medi-
tion effect of longitudinal EF on this association, suggesting that longi-
udinal EF change carried the relationship between reappraisal-related
mygdala activity and white matter integrity. Given that the clustersncluded in the mediation analysis were derived from a voxel-wise re-
ression analysis with rLEF as the predictor variable, and that the as-
ociation between amygdala and white matter integrity in the uncinate
asciculus was not strong, this is perhaps not surprising. Future research
n structure-function relationships in ageing would benefit from data-
riven approaches, such as those discussed by Calhoun (2018) , to fur-
her address how age-related structural loss affects brain function. Un-
ike prior findings suggesting functional compensation for age-related
rey matter loss in left VLPFC during picture-induced negative affect
 van Reekum et al., 2018 ), we did not find any associations with grey
atter probability and either rLEF or BOLD response in PFC regions in
his study. Whilst interpreting a null finding is tricky, it could be that
ariability in grey matter in these PFC regions is more tightly coupled
o age per se, and less to cognitive functioning in older age, per recent
tudies ( Ziegler et al., 2010 ; Hakun et al., 2015 ). 
Longitudinal change in EF was not only positively associated with
he BOLD response to the suppress condition in a-priori prefrontal
reas but demonstrated associations in a larger network of regions,
ncluding anterior cingulate cortex and insula, typically involved in
alience/attentional control (see e.g. Seeley et al., 2007 ). Connectivity
etween salience and arousal networks has been shown to increase with
eightened arousal ( Young et al., 2017 ). We found a decline in EF re-
ated to increased engagement of these brain regions when decreasing
egative affect. Prior work has demonstrated that cognitive ageing is of-
en paired with increased activation and disrupted connectivity in sim-
lar cortical regions, often thought to underlie a compensation for loss
f brain structure integrity (for a review, see Sala-Llonch et al., 2015 ).
ur findings add to this literature by highlighting that it is not age per
e, nor group-relative EF performance per se, but an age-related change
n EF that may engage such compensatory mechanisms. In other words,
n over recruitment occurs when individuals no longer function at the
evel that they were accustomed to. The specificity of the findings to
he suppress (and not the enhance) condition further suggests that this
ondition is marked by individual differences specifically, a point made
arlier by our group ( Urry et al., 2006 ) and others (for a review see
chsner et al., 2012 ). 
With respect to the ratings of unpleasantness as a function of regula-
ory instruction, we found that the pictures were rated as more negative
fter both regulation instructions compared to the attend condition. The
atings did not vary as a function of longitudinal change in EF, over and
bove age and cross-sectional EF. We did find that older age within our
ample was associated with higher ratings of picture unpleasantness,
oth after the instruction to increase and decrease their response to the
ictures. Higher negative ratings after the instruction to decrease emo-
ion have previously been reported in research involving older adults
e.g. Opitz et al., 2012 ) and the reason for this effect is not entirely
lear. The effect could be due to different, and in general more, visual
canning of the pictures after receiving an instruction to regulate to gen-
rate a narrative serving reappraisal, interacting with the ratings pro-
ided of the picture, rather than the experience. Prior work involving
lder adults has identified that the instruction to reappraise with the
oal to increase or decrease picture-induced negative affect was asso-
iated with a higher number of fixations and larger distances between
xations ( van Reekum et al., 2007 ). Increased scanning may have re-
ulted in an increased intake of information, enhancing the negativity
ating of the picture, irrespective of their experience of negative affect.
ndeed, whilst we found on average increased left and right amygdala
ctivation for the enhance condition, no such effect was found for the
uppress condition (see Table 2 ). This finding has previously been re-
orted, particularly in studies involving older adults and where instruc-
ions were delivered during, rather than prior to, picture presentation
e.g. Urry et al., 2006 , 2009 ). The reason for asking about the rating
f the picture rather than their experience was to counter any potential
emand characteristics resulting from providing an explicit instruction.
uture work should assess other, ideally implicit, indicators of emotional
xperience. 
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M  Given the limited literature on executive function and emotion reg-
lation in the same older adult cohort, this work provides an important
ddition to understanding the interplay between executive function and
motion regulation in the ageing brain. As stated, some behavioural ev-
dence suggests that markers of executive function are positively associ-
ted with emotion regulation ability in cross-sectional samples of older
dults (e.g. Gyurak et al., 2011 , 2009 ). We sought to expand on this evi-
ence in two ways; firstly by focusing on a longitudinal measure of exec-
tive function to obtain each individual’s rate of decline, and secondly
y correlating this metric with structural and functional brain patterns
upporting emotion regulation. We found that individuals showing the
argest rate of decline also showed greater recruitment of the amygdala
nd areas in PFC when regulating emotion. These findings may suggest
hat there is a preservation of emotion regulation ability with age until
xecutive function starts to decline. What remains to be explained, how-
ver, is why increased PFC activation was not paired with a decrease in
mygdala activation in our study. Whilst requiring replication, our find-
ngs provide evidence of a more complex scenario whereby decline in
hite matter integrity inhibits successful regulation despite increased
unctional effort. 
In conclusion, the findings presented here highlight that the rate of
hange of executive function, and not age or cognitive ability per se,
mpacts the ability to downregulate picture-induced negative affect de-
pite increased cortical engagement. With respect to structure-function
ntegration, findings suggest that the integrity of key white matter tracts
upporting corticolimbic interaction, rather than grey matter atrophy,
ay impede downregulation of amygdala responsivity when the con-
ext requires one to do so. These findings have implications for our un-
erstanding of age-related cognitive decline and may be relevant for
athology associated with rapid cognitive decline (e.g. Alzheimer’s, de-
entia). The ability to adaptively respond to negative situations is cru-
ial for maintaining mental and physical health. Impaired regulation
f emotion due to brain atrophy could render older adults particularly
ulnerable to mood disorders, such as depression and anxiety. 
Future work should incorporate functional connectivity analyses or
odel trial-by-trial variability in reappraisal success to further under-
tand which brain networks are crucially affected by age-related changes
n executive function in downregulating the emotional response. Par-
icularly when employed in longitudinal designs, such work can also
erve to highlight any compensatory mechanisms that help maintain
motional resilience in older age. 
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